Alkali metal carboxylates, including sodium acetate, sodium benzoate, and sodium sorbate, which are all readily available and widely used as food additives, were found to promote the ring-opening polymerization (ROP) of trimethylene carbonate (TMC) to produce poly(trimethylene carbonate) (PTMC). The sodium acetate-catalyzed ROP of TMC proceeded in the presence of an alcohol initiator under solvent-free conditions at 70°C, even at very low catalyst loadings of 0.01-0.0001 mol%. The controlled nature of this ROP system enabled the synthesis of PTMCs with predicted molecular weights ranging from 2400 to 11 700 g mol −1 and narrow dispersities (~1.23). Importantly, ROP is initiated by an alcohol initiator, allowing PTMC production with desired functional groups, such as azido, alkyne, and methacrylate groups, at the α-chain end. Furthermore, the poly(L-lactic acid)-b-PTMC-b-poly(L-lactic acid) triblock copolymer, a biodegradable thermoplastic elastomer, was successfully synthesized in one pot via the sodium acetate-catalyzed ring-opening block copolymerization of TMC and L-lactide with a 1,3-propanediol initiator.
Introduction
Aliphatic polycarbonates (APCs) have attracted significant attention for their applications in biomedical fields due to their excellent biocompatibility and biodegradability [1] [2] [3] [4] . APCs are better suited for biomedical applications than are aliphatic polyesters such as poly(lactic acid), poly(glycolic acid), and poly(caprolactone), as aliphatic polyesters generate acidic compounds during degradation, which may affect tissues or DNA [4] [5] [6] . In addition, the hydrolytic degradation of APCs is extremely slow, but these molecules can be rapidly degraded in vivo [7] . Because of these advantages, APCs have been recently studied as components of drug delivery carriers and scaffolds for tissue engineering [1] [2] [3] [4] . In addition to their biomedical applications, APCs can be used as soft segments of polyurethanes, resulting in large elongations at break and high tensile strengths while maintaining their good biocompatibility [8] .
Common synthetic approaches for APC production can be classified into three categories: polycondensation of aliphatic diols with phosgene or dialkyl carbonates, copolymerization of epoxides with CO 2 , and ring-opening polymerization (ROP) of cyclic carbonates. Industrially important APC diols are mainly synthesized using the polycondensation approach, but the molecular weight and dispersity are difficult to control. In contrast, the ROP approach is highly preferable for controlling the molecular weight, dispersity, and chain-end groups. Thus, significant efforts have been dedicated to the development of novel catalysts for the ROP of cyclic carbonates.
ROP of cyclic carbonates is conventionally performed using an organometallic catalyst, such as stannous octoate [9, 10] , dibutyltin dioctanoate [11] , or aluminum alkoxides [12] . Alternatively, organocatalytic ROPs of cyclic carbonates have recently been developed to achieve metal free and environmentally benign APC synthesis. The first study of the organocatalytic ROP of cyclic carbonate was reported by Waymouth and Hedrick in 2007 using amidine, guanidine, N-heterocyclic carbene, and thiourea/ amine [13] . These catalysts enabled ROP to afford welldefined APCs under mild conditions. Later, organic bases and acids, as well as bifunctional acid/base systems, were developed. Strong organic acids, such as methanesulfonic acid and triflic acid, are representative examples of acidic catalysts [14] . The bifunctional acid/base catalyst includes thiourea/amine [13] and trifluoroacetic acid/7-methyl-1,5,7-triazabicyclo[4.4.0]dec-5-ene systems [15] . Our group also found that diphenyl phosphate (DPP) [16] and trimethyl glycine [17] can form a good catalyst system for the ROP of cyclic carbonates. Notably, the DPP-catalyzed ROP of trimethylene carbonate (TMC) proceeded under solvent-free conditions even at a low catalyst loading of 0.1 mol% [18] . Although significant effort has been devoted to developing novel organocatalysts, an industrially feasible catalyst that is inexpensive, easy to handle, and safe remains elusive. Many of the organocatalytic ROP systems for cyclic carbonates require relatively high catalyst loadings of 0.1-5 mol%, but to meet industrial requirements, the catalyst loading must be further reduced.
Recently, we discovered the catalytic ability of alkali metal carboxylates for the ROP of lactides, affording welldefined and narrowly dispersed polylactides [19] . Alkali metal carboxylates, including sodium acetate (CH 3 COONa) and sodium benzoate (PhCOONa), are widely used as food additives, meeting the industrial requirement of low cost, easy handling, and safety. Furthermore, a preliminary study revealed that CH 3 COONa catalyzes the ROP of TMC, affording poly(trimethylene carbonate) (PTMC) with a narrow dispersity. To explore the potential of this catalytic system for APC synthesis, herein, we investigated the ROP of TMC under solvent-free conditions using the alkali metal carboxylates CH 3 COONa, PhCOONa, and sodium sorbate (C 5 H 7 COONa), which are all readily available and used as food additives (Scheme 1). The best catalytic activity was observed using CH 3 COONa, which smoothly catalyzed the ROP of TMC even at a catalyst loading of 0.001 mol%. Furthermore, the catalyst system enabled the synthesis of narrowly dispersed PTMCs with various molecular weights and desired chain-end functionalities.
Results and discussion
Ring-opening polymerization of trimethylene carbonate using sodium carboxylates as catalysts
We initially investigated the ROP of TMC using different alkali metal carboxylates as catalysts, i.e., CH 3 COONa (run 1), sodium benzoate (PhCOONa; run 2), and sodium sorbate (C 5 H 7 COONa; run 3), under solvent-free conditions ( Table 1) . ROP was conducted at 70°C in the presence of 3-phenyl-1-propanol (PPA) as an initiator and with a catalyst loading of 0.01 mol% ([TMC] 0 /[PPA] 0 /[CH 3 COONa] 0 ratio of 50/1/0.005). When CH 3 COONa was used as the catalyst, the monomer conversion reached 72.5% in 28 min of polymerization to afford PTMC, indicating sufficient catalytic activity of CH 3 COONa for the ROP of TMC even at a catalyst loading of 0.01 mol% (run 1, Table 1 ). End group analysis of the obtained PTMC by 1 H NMR revealed an M n,NMR of value 4170 g mol −1 , which agreed with the theoretical value (M n,th. ) of 3 840 g mol −1 . The size exclusion chromatography (SEC) trace exhibited a unimodal and narrow elution peak with a dispersity (Ð) value of 1.17. These results indicated that the CH 3 COONa-catalyzed ROP of TMC proceeded in a well-controlled manner. When PhCOONa and C 5 H 7 COONa were used as catalysts, the monomer conversion reached 69.6% in 38 min and 78.8% in 140 min (runs 2 and 3, respectively, in Table 1 ). Although each polymerization afforded a PTMC with a narrow Ð value of 1.16, the catalytic ability of PhCOONa and C 5 H 7 COONa was significantly less than that of CH 3 COONa, with a turnover frequency (TOF) of 11 000 h −1 for PhCOONa and 3 380 h −1 for C 5 H 7 COONa compared with a TOF of 15 500 h −1 for CH 3 COONa.
Scheme 1 Ring-opening polymerization of trimethylene carbonate catalyzed by sodium carboxylates
To further reduce the catalyst loading, ROP of TMC was performed using CH 3 COONa with catalyst loadings of 0.001 and 0.0001 mol% with respect to the monomer ([TMC] 0 /[PPA] 0 = 50/1 at 70°C; runs 4 and 5, respectively; see Table 1 ). In both cases, the monomer conversion reached~70% in a reasonable polymerization time, affording PTMCs with narrow Ð values of 1.16-1.18. To exclude the possibility that trace impurities in the monomer catalyzed the ROP, we performed ROP in the absence of a catalyst at 70°C (run 6 in Table 1 ). After reacting for 130 min (same as run 4), the monomer conversion was 6.4%, and a low-molecular-weight oligomer was obtained. Thus, CH 3 COONa acted as the catalyst for the ROP of TMC. It should be noted that typical organocatalysts for TMC polymerization require relatively high catalyst loadings: diphenyl phosphate (DPP; solvent-free) [18] , trimethyl glycine (TMG; solvent-free) [17] , and 1,5,7-triazabicyclo-[4.4.0]dec-5-ene (TBD; in CH 2 Cl 2 ) [13] required 0.1, 0.2, and 1 mol%, respectively, when the initial [TMC] 0 /[initiator] 0 ratio was set to 50/1. Moreover, the highest TOF of 34 200 h −1 was observed when using 0.001 mol% of CH 3 COONa, which was considerably higher than those of the other organocatalysts, e.g., DPP (TOF = 54 h −1 at 80°C, solvent-free), TMG (TOF = 750 h −1 at 70°C, solvent-free), and TBD (TOF = 400 h −1 at r.t. in CH 2 Cl 2 ).
Next, to control the molecular weight, the ROP of TMC was conducted with various initial monomer-to-initiator ratios ([TMC] 0 /[PPA] 0 = 25/1, 100/1, and 200/1) at a catalyst loading of 0.001 mol% (runs 7-9 in Table 1 , Fig. S1 ). For the ROP of TMC with an initial [TMC] 0 /[PPA] 0 ratio of 25/1, the obtained PTMC showed an M n,NMR value of 2400 g mol −1 and a narrow Ð value of 1.19. Similarly, ROP with initial [TMC] 0 /[PPA] 0 ratios of 100/1 and 200/1 afforded PTMCs with higher M n,NMR values of 8200 and 11 700 g mol −1 with narrow Ð values of 1.23 and 1.12, respectively. When targeting high-molecular-weight PTMCs, the high molecular weight shoulder in the SEC traces became pronounced because the propagation reaction competed with the intermolecular transesterification reactions ( Fig. S1 ).
Structural analysis of PTMC
To obtain further insight into the polymerization reaction, the chemical structure of the obtained PTMC was investigated by 1 H NMR and matrix-assisted laser desorption/ ionization time-of-flight (MALDI-TOF) mass spectral analyses. The 1 H NMR spectrum of the PTMC obtained from run 4 showed signals corresponding to the PTMC main chain as well as minor signals arising from the PPA residue. Importantly, the peak area of the PPA methylene proton (a in Fig. 1 ) agreed well with that of the ω-chain end methylene proton (g in Fig. 1 ), strongly suggesting that the polymerization was initiated by PPA. It is well known that the ROP of cyclic carbonates often suffers from decarboxylation reactions, resulting in the formation of unwanted ether linkages on the PTMC main chain [20] . However, no evidence of the ether linkage was observed for the PTMCs produced with CH 3 COONa. The mildly basic nature of the catalyst is likely responsible for the clean polymerization.
The MALDI-TOF mass spectral analysis provided further detailed structural information, especially in terms of end group structures of the PTMC. In the MALDI-TOF mass spectrum (Fig. 2) , a major series of peaks was observed in the range of 1500-5000 Da along with three minor series of peaks. The distance between each peak was Determined by the SEC analysis of the obtained polymer in THF with a PSt standard. The M n,SEC values were calculated using the correcting factor X (X = 0.57 for M n,SEC raw data 5000, X = 0.73 for 5000 M n,SEC raw data 10 000, X = 0.88 for M n,SEC raw data > 10 000) [22] e TOF = ([TMC] 0 × conv. /100) / ([CH 3 COONa] × time (h)) 102.1 Da, corresponding to the mass of the TMC repeating unit (102.0 Da). The main series of peaks, which is denoted by the filled circles (•), and the minor series of peaks denoted by open circles (○) were assigned to the expected PTMC structure containing a PPA residue at the α-chain end and a hydroxyl group at the ω-chain end. For example, the peak observed at m/z 3526.1 was assigned to the 33-mer PTMC containing the expected end group structures (calculated [M + Na] + = 3527.1). In contrast, the minor series of peaks denoted by the filled squares (■) was assigned to PTMC containing a 1,3-propanediol residue instead of a PPA residue. The minor series of peaks denoted by open squares (□) was assigned to the PTMC containing PPA residues at both chain ends. These species were generated via an intermolecular transesterification reaction during polymerization (Fig. S2 ).
Investigation into the polymerization properties
To obtain further insight into the polymerization properties, we investigated the time course of the M n,SEC and Ð values of the PTMCs obtained via ROP with a [TMC] 0 /[PPA] 0 / [CH 3 COONa] 0 ratio of 50/1/0.005 at 70°C ( Fig. 3(a) ). The M n,SEC value linearly increased with increasing monomer conversion, suggesting the absence of chain transfer reactions. The Ð value remained narrow (~1.26) throughout the polymerization, except during the early stages. Moreover, the SEC elution peak of the resulting polymers retained a unimodal shape regardless of monomer conversion ( Fig. 3  (b) ). When the conversion reached 96.6%, a shoulder peak in the high-molecular-weight region became prominent. This suggests that the polymerization reaction competes with intermolecular transesterification during the later stages of polymerization (conv. > 75%).
Living polymerization reactions are known to follow a first-order kinetic model. However, the ROP system investigated herein does not fit with the first-order kinetic model ( Fig. S3(a) ). The time versus conversion plot indicated that the propagation rate increased with increasing monomer conversion ( Fig. S3(b) ). This could be explained by the insufficient solubility of the catalyst in the reaction medium. The catalyst gradually dissolved in the reaction medium during polymerization, resulting in an increased propagation rate during the late stages of polymerization. Although this ROP system does not follow the first-order kinetic model, the M n,SEC of the resulting PTMCs linearly increases with the monomer conversion. while a narrow Ð value is retained, indicating the well-controlled nature of the polymerization.
Effects of the countercation on catalytic performance
We previously reported that alkali metal carboxylates catalyzed the ROP of L-lactide (L-LA) via a dual activation mechanism involving hydroxyl chain end/initiator activation and monomer activation [19] . The change in the alkali metal cation largely affected the TOF of the L-LA polymerization because the countercation participated in monomer carbonyl group activation. However, no significant countercation effect was observed in the ROP of TMC using CH 3 COONa, potassium acetate (CH 3 COOK), or cesium acetate (CH 3 COOCs; Table S1 ). In addition, the TOF was not affected by the countercation (34 200 h −1 for CH 3 COONa, 29 100 h −1 for CH 3 COOK, and 33 000 h −1 for CH 3 COOCs). This suggests that, for the ROP of TMC, the countercations of the catalyst do not participate in monomer activation. Given that the carbonate group exhibits an intrinsically high dielectric property, the countercation should be well solvated in the polymerization medium, allowing the carboxylate anion to be naked. The naked carboxylate anion activates the hydroxyl chain end/initiator as a base, which is responsible for the extraordinarily high catalytic ability for the ROP of TMC.
Application to the synthesis of functionalized APCs
To demonstrate the applicability of the developed catalytic ROP system for the synthesis of high value-added APCs, we examined the ROP of TMC using various functional initiators, including 6-azido-1-hexanol (AHA), 4-ethynylbenzyl alcohol (EBM), and 2-hydroxyethyl methacrylate (HEMA; Table 2 ). AHA and EBM are functional initiators containing azido and alkyne groups, respectively, which can provide "clickable" PTMCs for constructing block copolymers. The ROP with HEMA provided a PTMC macromonomer with a polymerizable methacrylate group. The ROP with functional initiators was conducted at an initial [TMC] 0 /[initiator] 0 /[CH 3 COONa] ratio of 50/1/0.0005, producing PTMCs with predictable Table 1 , b expanded spectrum, and c theoretical molecular weights Determined by SEC analysis of the obtained polymer in THF with PSt standard. The M n,SEC values are calculated using the correcting factor X (X = 0.73) [22] molecular weights and narrow Ð values. For example, the ROP with AHA reached 77.1% monomer conversion in 95 min, and the obtained PTMC exhibited an M n,NMR value of 4080 g mol −1 and a narrow Ð value of 1.18 (run 10 in Table 2 ). The 1 H NMR spectrum of the obtained PTMCs showed a minor signal at 3.27 ppm arising from the methylene adjacent to the azido group along with the major characteristic PTMC signals (Fig. S4) . The PTMCs obtained using EBM and HEMA also showed 1 H NMR signals arising from the corresponding initiator residue, confirming that the ROP reactions were initiated by the functional initiators and afforded the corresponding α-functionalized PTMCs (Figs. S5 and S6) .
Next, 1,3-propanediol (PD) was used as a difunctional initiator for the ROP of TMC to obtain PTMC-diol, which can be used as a soft segment for thermoplastic elastomers. The ROP with PD yielded the desired PTMC-diol with a narrow Ð value of 1.13 (run 13 in Table 2 and Fig. S7 ), which encouraged us to attempt the one-pot synthesis of a thermoplastic elastomer via CH 3 COONa-catalyzed ROP. Thus, the synthesis of a poly(L-lactic acid)-b-PTMC-b-poly (L-lactic acid) (PLLA-b-PTMC-b-PLLA) triblock copolymer was performed ( Fig. 4(a) ), and this material has been described as a biodegradable thermoplastic elastomer by Kim et al. [21] . After the ROP of TMC at an initial [TMC] 0 /[PD] 0 /[CH 3 COONa] ratio of 50/1/0.0005 at 70°C for 120 min (conv. = 87.1%), L-lactide (L-LA) and additional CH 3 COONa were added at 100°C ([TMC] 0 /[L-LA] 0 /[PD] 0 / [CH 3 COONa] = 50/50/1/0.5) to extend the PLLA chains from the preformed PTMC-diol. After 24 h of reaction, the monomer conversion of L-LA reached 66.6%, yielding an elastic material with a narrow Ð value of 1.12. It should be noted that the unreacted TMC was not consumed during the 2nd polymerization step. Importantly, the SEC elution peak of the final product was observed in a higher molecular weight region than that of the preformed PTMC-diol, confirming the success of the block copolymerization ( Fig. 4(b) ). In addition, the signal arising from the methylene groups adjacent to the ω-chain end hydroxyl groups in the PTMC-diol (3.74 ppm) was not detected in the 1 H NMR spectrum of the final product ( Fig. 4(c) ). Furthermore, new signals attributable to the TMC-L-LA linkages were observed at 5.10 (h), 4.45 (g), and 4.35 ppm (e). Importantly, the integration ratio of the linkage signal (e.g., proton h) to the PLLA methine signal (j) agreed with the estimated value, which excluded the possibility of transesterification between the PTMC and PLLA segments. These results indicated that the ROP of L-LA was initiated by the terminal hydroxyl groups of the PTMC-diol to afford the desired PLLA-b-PTMC-b-PLLA triblock copolymer. The corresponding 13 C NMR spectrum was reasonably assigned to the expected structure, though the signals attributable to the TMC-L-LA linkages were not detected due to its small fraction. These results suggested the usefulness of the developed ROP system for the synthesis of functionalized APC materials for a wide range of applications.
Conclusions
Herein, we established a highly efficient solvent-free ROP system for TMC using alkali metal carboxylate catalysts, which satisfies the industrial requirements of low cost, easy handling, and safety. Importantly, the alkali metal carboxylates promoted the ROP of TMC even at low catalyst loadings of 0.001-0.0001 mol%, achieving the optimum TOF value (34 200 h −1 ) using CH 3 COONa as the catalyst. This ROP system provides well-defined PTMCs with a predictable molecular weight and narrow dispersity. Furthermore, we successfully synthesized endfunctionalized PTMCs and PTMC-containing triblock copolymer using the CH 3 COONa catalyst with functional alcohol initiators. Given the solvent-free process and low catalyst loading, the developed ROP system is amenable to the practical synthesis of APC-based materials for use in biomedical and environmental applications. One of the advantages of using alkali metal carboxylates is the ability to fine-tune the catalytic performance by selecting the carboxylate moiety and countercation [19] . Further optimization of the catalyst would enable suppression of the side reactions, including intermolecular transesterification.
